The term biofilm is increasingly replacing 'plaque' in the literature, but concepts and existing paradigms are changing much more slowly. There is little doubt that biofilm research will lead to more realistic perception and interpretation of the physiology and pathogenicity of microorganisms colonizing plaques in the oral cavity. There is clear evidence that the genotypic and phenotypic expression profiles of biofilm and planktonic bacteria are different. Several techniques are available today to study multispecies biofilms of oral bacteria, each having its particular advantages and weaknesses. We describe a biofilm model developed in Zürich and demonstrate a number of applications with direct or indirect impact on prophylactic dentistry: spatial arrangement and associative behavior of various species in biofilms; multiplex fluorescent in situ hybridization analysis of oral bacteria in biofilms; use of the biofilm model to predict in vivo efficacy of antimicrobials reliably; mass transport in biofilms; de-and remineralization of enamel exposed to biofilms in vitro. The potential of biofilm experimentation in oral biology has certainly not yet been fully exploited and dozens of possible interesting applications could be investigated. The overall physiological parameters of multispecies biofilms can be measured quite accurately, but it is still impossible to assess in toto the multitude of interactions taking place in such complex systems. What can and should be done is to test hypotheses stemming from experiments with planktonic cells in monospecies cultures. In particular, it will be interesting to investigate the relevance to biofilm composition and metabolism of specific gene products by using appropriate bacterial mutants.
the gelatinous nature of dental plaques and also the role of sucrose in the formation of these bacterial biofilms, were rapidly forgotten [Guggenheim, 1970] . The original version of the chemoparasitic caries theory of Miller received its 'coup de grâce' by Ron Gibbons in the early 1960s when it was shown that bacteria associated with dental caries must colonize supragingival plaque in high numbers [Gibbons, 1964] . This shifted mainstream research to plaque streptococci and in particular to mutans streptococci [Carlsson, 1967; Guggenheim, 1968] . Paul Keyes introduced the multifactorial caries theory [Keyes, 1960] . Animal experiments and both human cross-sectional and longitudinal studies left no doubt that mutans streptococci were strongly associated with enamel caries [Guggenheim et al., 1965; Hardie et al., 1977] . As a result, a most simple concept evolved: the specific plaque hypothesis. Dental caries was conceived as a mono-infection by mutans streptococci [Kristoffersson et al., 1985; Loesche, 1986] . The hypothesis induced a flood of in vitro studies with planktonically grown Streptococcus mutans and S. sobrinus cells, with the aim to pinpoint and elucidate virulence mechanisms of these streptococci [van Houte, 1994] . From these experiments, in part carried out with most modern molecular biological methods, a number of new paradigms emerged. Here, just a few will be mentioned. Primary bacterial adhesion to pellicle-coated enamel was described as a highly specific process, with the expression and nature of adhesins being the major determinants for the colonization of specific oral microhabitats [Liljemark and Bloomquist, 1996] . By analogy, secondary colonization was envisioned as entirely dependent on specific coadherence. It was considered predictable from in vitro tests assessing the coaggregation patterns of planktonic bacterial cells that had been mixed in suspensions under no-growth conditions [Kolenbrander and London, 1993] . Glucosyltransferases (GtfB, GtfC, GtfD) were claimed to play a crucial role in bacterial attachment, and their products were thought to act as diffusion-limiting macromolecules in plaque [Ooshima et al., 2001] .
Only more recently has the picture started to shift. Studies with bacteria growing in biofilms, in particular in multispecies biofilms, clearly indicated that genotypic and phenotypic expression profiles of biofilm bacteria are different from those of planktonic bacteria [Costerton et al., 1994] . Such biofilm ecologies have been compared to higher multicellular organisms [Costerton et al., 1995] . They show complex intercellular interactions including communication by specific signaling molecules [Davies et al., 1998 ]. The resistance of biofilm bacteria against antimicrobials is increased [Gilbert et al., 1997] . Both the species and numerical composition of biofilms are dependent on the prevailing growth conditions. These seem ultimately decisive for the interaction with the host, resulting in health or disease. P.D. Marsh, a pioneer in oral biofilm experimentation, has described this relation as the 'ecological plaque hypothesis' [Marsh, 1994] .
Various multispecies models of dental plaque have been described and applied to problems of clinical relevance, most notably biofilm permeability and chemical control of plaque. These systems usually consist either of flow cells [Christersson et al., 1987; Larsen and Fiehn, 1995; Sjollema et al., 1989] or of chemostats modified to allow for insertion and removal of colonizable surfaces [Bowden, 1999; Bradshaw et al., 1996; Herles et al., 1994; Kinniment et al., 1996] . While these devices have contributed to our understanding of microbial adhesion and biofilm formation, their use has certain drawbacks. They can be cumbersome to construct and/or difficult to maintain over long periods of time. Since clearance of pulsed substances is a function of flow rate and volume, chemostats operating with low flow rates and relatively large volumes can have quite long mean residence times, rendering them impractical for studies of selected compounds with shortterm exposures, as is common in oral hygiene procedures. Moreover, systems with working volumes of more than a few milliliters preclude the use of media constituted from natural substrates such as saliva. In this short paper, we will focus on biofilm studies, carried out in Zürich, that illustrate a few applications of one particular model with direct or indirect impact on prophylactic dentistry. The following aspects will be covered: description of the model; spatial arrangement and associative behavior of various species in biofilms; mass transport in biofilms; the biofilm model as a reliable tool to predict the in vivo efficacy of antimicrobials, and de-and remineralization of enamel exposed to biofilms in vitro.
The Zürich Biofilm Model
In contrast to most other biofilm models, our multispecies model is based on a batch culture approach and not on a continuous flow culture system. The following microorganisms representative for supragingival plaque are used to generate biofilms: Streptococcus oralis, Streptococcus sobrinus, Actinomyces naeslundii, Veillonella dispar, Fusobacterium nucleatum and Candida albicans. Biofilms are formed in 24-well cell culture dishes incubated anaerobically at 37°C. A detailed description of the experimental procedures as well as data validating the Guggenheim/Guggenheim/Gmür/Giertsen/ Thurnheer Fig. 1 . Schematic presentation of experimental procedures used for biofilm formation. The hydroxyapatite disks were incubated in a mixture of saliva and medium either containing 50% saliva and 50% medium or 70% saliva and 30% medium according to the aim of the experiment.
model have been published previously [Guggenheim et al., 2001a; Shapiro et al., 2002] . Therefore, only the main features are recapitulated. Biofilms are formed either on hydroxyapatite or bovine enamel disks that have been preconditioned in pooled, unstimulated saliva. An experiment, including the preparatory phase, lasts from Monday to Friday; the most important steps comprising the timing are summarized in figure 1. In flow models or constant depth film fermenters as well as in vivo, biofilms are subjected to shear forces that are absent in a batch culture system. The disks are, therefore, dipped in saline 3 times daily ( fig. 1 ). At each time point, the biofilms are dipped 3 times in saline, thereby being subjected to passages through an air-liquid interface. The shear forces exerted by this procedure are high and have been estimated to be 0.1 ÌN/cell and passage [Bos et al., 1999] . When the effects of antimicrobials were investigated, the biofilms were exposed beforehand to test solutions for 1 min, involving even a fourth passage.
Spatial Arrangement and Associative Behavior of Species in Biofilms
Polyspecies microbial consortia typically consist of cells in microcolonies embedded in exopolymer matrices. These were hitherto thought to be interwoven by a channel system [Davey and O'Toole, 2000; Donlan and Costerton, 2002] . Dental plaque is a clinically relevant example of such a consortium that may mediate oral diseases. The resistance or resilience of biofilms to antimicrobials [Reid, 1999] , their diffusion properties [Dibdin and Shellis, 1988; Hojo et al., 1976] and metabolic interactions between members of the consortium [Møller et al., 1998 ] may be linked to their distinctive architectures. In addition, roles of specific adherence mechanisms and of coadherence [Kolenbrander et al., 2000] in primary and in secondary colonization of bacteria on surfaces are widely accepted. Since these paradigms have evolved mainly from in vitro experiments with resting cell suspensions, we have subjected them to the scrutiny of experiments with growing cells in polyspecies biofilms [Guggenheim et al., 2001b] .
Species-specific fluorescence-labeled antibodies in conjunction with confocal laser scanning microscopy (CLSM) allowed characterization of the spatial arrangement and interspecies associations of all members of the consortium during biofilm formation in the 50:50 model ( fig. 1 ). In parallel, after 15 min, 16.5, 40.5 and 64.5 h, the adherent biofilms were quantitatively analyzed using culture techniques. All species pairings were visualized in biofilms after labeling the bacteria with monoclonal antibodies coupled with 1 of 3 different fluorescent dyes in 10 nonredundant pairwise combinations. Cell number esti-mates by image analysis were close to culture data. Interspecies coaggregations of all strains using planktonic cells were tested in buffer and in the biofilm medium in nonredundant pairwise combinations. With the exception of F. nucleatum and S. sobrinus that coaggregated in medium as well as in buffer, the coaggregation patterns were different in the two fluids. When bacteria scraped from hydroxyapatite disks after an adherence phase of 15 min were analyzed by culture and image analysis, it was evident that early (S. oralis, A. naeslundii, V. dispar) as well as late colonizers (S. sobrinus, F. nucleatum) adhered in high numbers on the pellicle-covered surface ( fig. 2) . Image analyses revealed further that interbacterial coadherence was not a dominant mode of (indirect) adhesion to the salivary pellicle during this initial phase, since the proportion of interspecies coadhering cells was for all nonredundant pairwise combinations !4%. These findings allowed us to question the widely accepted 'Kolenbrander paradigm' proposing that specific adherence mechanisms and in vitro 'coaggregations' reflect crucial mechanisms explaining the order of colonization of bacteria in plaque [Kolenbrander and London, 1993] . We gained insight into the structural features of all species during biofilm development, and into the associative behavior of the strains within the biofilm, that were classified into 5 spatial types; some examples are shown in figure 3. More information is provided by Guggenheim et al. [2001b] .
Mass Transport of Macromolecules within an in vitro Grown Biofilm
The ability to generate biofilms with high repeatability and the technical skills to visualize these in high quality in native form by CLSM allowed us to tackle experimentally their diffusion properties. Knowledge of the kinetics of mass transport within oral biofilms is essential for understanding how they achieve their characteristic architecture, how they manifest their pathogenic potential and for optimizing strategies to control or eradicate biofilms.
64.5-hour biofilms of the 70:30 model ( fig. 1 ), formed on hydroxyapatite disks preconditioned with saliva, were incubated for defined periods at room temperature with fluorescent markers with molecular weights ranging from 3 to 900 kD. Dextrans (3, 10, 40, 70 kD), IgG (150 kD), F(ab)) 2 fragments of IgG (100 kD), R-phycoerythrin (240 kD) and IgM (900 kD) amongst others were used in recently published experiments [Thurnheer et al., 2003] . Biofilm-carrying disks were incubated with the fluores- cent probes for 2, 60, 120, 300 or 600 s, washed by two 60-second dips in saline and then embedded upside down in Mowiol [Guggenheim et al., 2001b ] to block further diffusion. They were examined by CLSM at 5 randomly selected positions. A few examples of the images collected are shown in figure 4. It is evident that 240-kD phycoerythrin penetrated poorly into biofilms, whereas 900-kD IgM accumulated on the surface and penetrated hardly at all. From reported hydrodynamic radii for these molecules, the limiting diameter of the biofilm pores can be estimated as slightly greater than 11 nm. A control experiment showed that microspheres (M = 20 nm) did not penetrate the biofilm either. Subsequent analyses revealed that the mean square penetration depth for all tested macromolecules except IgM and 3-kD dextran increased linearly with time, diffusion coefficients being linearly proportional to the cube root of the molecular weight of the probes. Diffusion in the biofilms was markedly slower than in water. Analysis of diffusion phenomena through oral biofilms suggested tortuosity as the most probable explanation. The retardation of molecules with hydrodynamic radii ! approx. 10 nm and the generally proposed existence of a channel network in biofilms [Hall-Stoodley and Stoodley, 2002; Wood et al., 2000] with diameters in the micrometer range are conflicting notions. Such 'black holes' are also present in Syto13 or triple fluorescent in Guggenheim/Guggenheim/Gmür/Giertsen/ Thurnheer 
sobrinus (green) plus F. nucleatum (red). B F. nucleatum (green) plus A. naeslundii (red). C S. oralis (green) plus F. nucleatum (red). D V. dispar (green) plus S. sobrinus (red).
situ hybridization [Thurnheer et al., 2004 ] stained biofilms ( fig. 5A, B) . However, when such biofilms are in addition stained with the exopolysaccharide stain Calcofluor [Thurnheer et al., 2003] , it becomes evident that multispecies biofilms formed in the presence of oral streptococci and sucrose consist of microbial microcolonies embedded in a compact polysaccharide hydrogel without channels ( fig. 5C ). Diffusion experiments with such double-stained biofilms revealed that dextrans 610 kD cannot diffuse through the extracellular polysaccharide moi- ety and must find their way on winding pathways through microcolonies, thus providing a more direct picture of the term tortuosity ( fig. 5D ). In contrast, 3-kD dextrans are able to diffuse through the exopolysaccharide moiety having a pore diameter of 2.8-4.6 nm (data not shown), thus explaining the higher diffusion rate and the lower tortuosity. These findings may explain the lower cariogenic potential of starch in comparison to low-molecular-weight saccharides.
The Zürich Biofilm Model as Reliable Predictor for the Clinical Efficacy of Antimicrobials
For decades the potential of antimicrobials for oral use was tested in classical MIC and MBC tests utilizing planktonic monocultures and prolonged contact times. In comparison to clinical tests the resulting inhibitory concentrations were 100-1,000 times too low [Shapiro and Guggenheim, 1998 ]. Thus, they allowed only relative comparisons and were poorly predictive for the clinical efficacy of antiseptic mouth rinses. The obvious reasons are the brief exposure times to e.g. mouth rinses (!3 min/day) and proliferation of surviving microorganisms in plaque during the rest of the day and night between rinsings. It is furthermore widely accepted that bacteria in biofilms express a more resistant phenotype than planktonic bacteria [Marsh, 2003] . Using the 50:50 biofilm model ( fig. 1 ), we devised a simple in vitro model of supragingival plaque whose response towards triclosan and chlorhexidine digluconate (CHX) mimicked closely clinical results reported for these antimicrobial agents [Guggenheim et al., 2001a] . However, when biofilms were exposed 3 times daily during 1 min to commercially available mouth rinses, in particular in low concentrations, the effect did not perfectly match results of clinical studies. Therefore, efforts have been directed towards fine-tuning the model in order to further improve the correspondence between the biofilm response to antimicrobial agents and the effect of these agents on plaque in vivo. It appeared that the effect of antimicrobials on the biofilm was dependent on its growth rate, which is in turn related to the ratio of saliva and medium in the incubation fluid. Using 0.1, 0.12 and 0.2% CHX and a saliva:medium ratio of 70:30, a dose-dependent response was observed, and this ratio was adopted for subsequent experiments ('70:30 model'). The discriminative power of the model is illustrated in figure 6.
The efficacies of 12 different mouth rinses -proprietary products containing CHX, hexetidine, octenidine, triclosan, plant extracts or amine fluoride/stannous fluoride -vis-à-vis biofilm inhibition were compared by Shapiro et al. [2002] . An excerpt from these data is shown in figure 7. In general, there is a good overall agreement between results obtained using our in vitro model and those reported in relevant clinical trials. However, there is a discrepancy in antimicrobial efficiency between pure CHX-containing solutions and some commercial CHX mouth rinses due to the vitiating effect of product formulation [Shapiro et al., 2002] . On the other hand, auxiliary ingredients may also increase the efficacy of a pure com-Guggenheim/Guggenheim/Gmür/Giertsen/ Thurnheer Fig. 5 . CLSM images of 6-species biofilms stained for all bacteria with Syto13 (A), for F. nucleatum (red), S. oralis (green) and V. dispar (blue) by triple fluorescent in situ hybridization (B), for bacteria (Syto13) and exopolysaccharides (Calcofluor, blue) (C) and for bacteria (Syto13, green), 10-kD dextran (red) and exopolysaccharides (Calcofluor, blue) (D). The images A and C show the same spot of the biofilm. 1 and 0 .2%, i.e. 1.1 and 2.2 mM ) of CHX and 0.2% (6.9 mM ) triclosan (TC) on 5-species biofilm formation compared to a water control (n = 9). Differences between control and all treatments were highly significant at the 99.9% level. Differences between treatments were not significant. Fig. 7 . Box plots depicting viable cell recovery from 6-species biofilms (n = 9) treated with different commercially available mouth rinses. Significant differences between treatments at the 99 or 95% level are indicated by ** and *, respectively; n.s. = not significant.
pound [Shapiro et al., 2002] . When comparing the effect of antimicrobials, the time point of analysis after the last exposure is crucial. An ideal product should prevent plaque regrowth over extended periods and we chose 16 h. If an antimicrobial has a low microbicidal effect, even slight differences in the numbers of survivors can lead to large variation due to biofilm growth in the posttreatment period. Although our in vitro model cannot mirror oral distribution of a mouth rinse, it has the great advantage that a mouth rinse can be applied to and removed from the system virtually instantaneously, simulating the brief exposure of supragingival plaque to mouth rinses. In addition, the model can be set up in any microbiology laboratory with standard equipment. It is at present the only model allowing in vitro a reliable prognosis of the in vivo performance of antimicrobials for oral use and is thus a valuable tool for preclinical evaluation of antiplaque formulations.
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Demineralization and Remineralization of Enamel in the Zürich Biofilm Model
More recently, we explored whether our biofilm model could be used to achieve demineralization and remineralization of bovine enamel in vitro . The necessary prerequisite was to find a method allowing a reproducible and rapid assessment of the degree of mineralization of enamel. Bovine enamel disks were prepared from incisors of cows. Demineralization was measured by quantitative light-induced fluorescence (QLF) [Al-Khateeb et al., 1997; van der Veen and de Josselin de Jong, 2000 ] using a modification of the 'in vivo' technique, with prototype hardware and software. We found buffer and carbohydrate concentrations in the medium to be the main parameters controlling demineralization. These variables were tested in a checkerboard arrangement in order to find conditions resulting in substantial demineralization in the 70:30 biofilm model.
Six buffer concentrations from 0 to 100% 0.66 M Sørensen phosphate buffer, pH 7.2, were applied in the medium. In the vertical direction, 4 carbohydrate concentrations (glucose + sucrose 1:1) between 0.5 and 5% were tested. At a concentration of 0.5% carbohydrate, no demineralizations were observed at any buffer concentration. At a concentration of 1% carbohydrate, demineralizations were observed that decreased with increasing buffer concentration. At a concentration 11% carbohydrate bovine enamel was strongly demineralized independently of the buffer strength. The results led to the choice of 0% buffer and 1% carbohydrate, which gave a mean demineralization of -30.5 B 3.3% (n = 6) with a very narrow range (-27.3 to -35.4% ). In figure 8A , representative QLF images of disks before and after demineralization are shown. Differences in fluorescence before and after biofilm exposure are clearly visible.
For remineralization experiments, enamel disks demineralized in vitro by acid gels [Schmidlin et al., 2002] were used. The degree of demineralization was assessed by QLF prior to using them as substrate for biofilm formation in the 70:30 model. Ideally, disks with a ¢F score of -25 to -30% were chosen. We found fluoride and calcium to cause heavy precipitation in the 70:30 biofilm medium. Therefore, fluoride was applied prior to pellicle formation. Enamel disks were brushed for 2 min with fluoride preparations, stored in a wet chamber for 2 h and Fig. 9 . Remineralization of bovine enamel disks under biofilms is expressed as increase in ¢F. A water control is compared with disks incubated with an addition of 5 mM Ca 2+ to the medium. Disks pretreated with a 1:5 diluted Elmex gel only were compared with disks after fluoride pretreatment and additional incubation with 5 mM Ca 2+ in the medium.
subsequently rinsed for 15 s with tap water. Biofilms were formed on fluoride or water-pretreated enamel disks exposed to 5 mM calcium in the medium for 64.5 h. ¢F was calculated before and after exposure to biofilms. Results shown in figure 9 reveal that the addition of 5 mM calcium chloride resulted in a remineralization of approximately 7.5%. Fluoride-pretreated disks exposed in addition to 5 mM calcium remineralized by 12.5%. Remineralization was comparatively slow but could still be seen by eye ( fig. 8B) . Thus, our model may be used for studying demineralization and remineralization under biofilms. In particular, inhibition of demineralization, the effect of different microbiological ecologies, the pathogenicity of single strains and the effect of different fluoride pretreatments on enamel remineralization may be studied.
Concluding Remarks
The Zürich in vitro biofilm model is reproducible and reliable. It may be used for the study of basic, but also for very application-oriented questions that could not be addressed before. Only very few applications could be shown because of space limits; there would have been many others, and there is even much more to explore. The use of biofilm models allows us to address a multitude of questions that could hitherto not be studied with planktonic monocultures. A new area of research in oral biology is now open with promising prospects for preventive dentistry.
We have questioned paradigms that have evolved by extrapolating characteristics from mainly Pseudomonas aeruginosa biofilms to oral biofilms or that have been derived from results of in vitro studies with planktonic bacteria under nonphysiological conditions. It is now more and more accepted that in different environments biofilms with widely different properties are formed and that the prevailing growth conditions are the overall dominating factor [Klausen et al., 2003 ].
